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In recent years, torrefaction, a mild pyrolysis process carried out at the temperature range of 200-300 °C, 
has been considered as an effective route for improving the properties of biomass. Hemicellulose, 
cellulose, lignin and xylan are the basic constituents in biomass and their thermal behavior is highly 
related to biomass degradation in a high-temperature environment. In order to provide a useful insight 
into biomass torrefaction, this study develops the isothermal kinetics to predict the thermal decompo¬ 
sitions of hemicellulose, cellulose, lignin and xylan. A thermogravimetry is used to perform torrefaction 
and five torrefaction temperatures of 200, 225, 250, 275 and 300 °C with 1 h heating duration are taken 
into account. From the analyses, the recommended values of the order of reaction of hemicellulose, 
cellulose, lignin and xylan are 3,1,1 and 9, respectively, whereas their activation energies are 187.06, 
124.42, 37.58 and 67.83 kj mol -1 , respectively. A comparison between the predictions and the experi¬ 
ments suggests that the developed model can provide a good evaluation on the thermal degradations of 
the constituents, expect for cellulose at 300 °C and hemicellulose at 275 °C. Eventually, co-torrefaction of 
hemicellulose, cellulose and lignin based on the model is predicted and compared to the thermogravi¬ 
metric analysis. 

© 2011 Elsevier Ltd. All rights reserved. 


1. Introduction 

Fossil fuels play the most important role in energy market over 
the past several decades, and until now they are still the most 
important merchants for energy supply. However, fossil fuels are 
being consumed rapidly so that their reserves are reduced in 
a significant way. Meanwhile, the mass consumption of fossil fuels 
has induced a number of environmental problems, such as air 
pollution, acid rain and atmospheric greenhouse effect or global 
warming [1]. By virtue of great concerns on the depletion of non¬ 
renewable energy resources and environmental problems, the 
development of renewable energy and alternative fuel for envi¬ 
ronmental sustainability has become a crucial topic currently. 
Among developing renewable energies, bioenergy is one of the 
most important energy resources so far in that biomass is available 
all over the world and it has been extensively employed in under¬ 
developed, developing and developed countries [2,3]. 

Biomass can be utilized in the forms of solid, liquid and gas for 
energy. Solid biomass can be combusted directly or blended with 
coal for the purpose of getting heat and power [4], Liquid fuels, say, 
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biooil, biodiesel and bioethanol, can be obtained from biomass 
through thermal, chemical and biological conversions [5—7], Gas 
fuels or synthesis gas, namely, syngas, can be produced from 
biomass via the process of gasification [8], Generally speaking, 
biomass is characterized by its high moisture content, low calorific 
value, hygroscopic nature and larger volume or low bulk density. 
This results in low conversion efficiency and grindability as well as 
difficulty of storage of biomass [9]. In the past, a number of methods 
of pretreatment have been developed to improve conversion effi¬ 
ciency; one of the methods for solid biomass is torrefaction. 

Torrefaction is a mild pyrolysis process carried out at tempera¬ 
tures ranging from 200 to 300 °C in an inert atmosphere or nitrogen 
environment [9,10], In this process, in addition to moisture removal, 
the lignocellulosic structure of biomass is thermally degraded in 
part, especially for the reactive hemicellulose fraction [11], 
Reviewing recent studies of torrefaction, it has been verified that 
torrefied biomass has the following properties: (1) the moisture 
content of raw biomass drops drastically [12]; (2) the O/C ratio of the 
torrefied biomass is decreased [ 13,14] ; (3) the grinding energy of the 
pretreated biomass is lower [9]; and (4) the hygroscopic nature 
featured by raw biomass is transformed to be hydrophobic [15], As 
a result, the advantages accompanied by torrefaction include: (1) the 
energy density of the torrefied biomass is increased [16]; (2) the 
ignitability, reactivity and grindability of the biomass are improved 
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Nomenclature 

A Pre-exponential factor (min -1 ) 

Ea Activation energy (kj mol -1 ) 

k Rate constant (min -1 ) 

n Order of reaction (-) 

R Universal gas constant (=8.314 J mol -1 K -1 ) 

T Temperature (I<) 

t Heating time (min) 

X Conversion of sample (-) 

W Weight of tested sample (mg) 

Subscript 

0 Beginning of torrefaction 

i Initial state (at 105 °C) 

/ Final state (at 800 °C) 


[17,18]; (3) the biological resistance to the decay of the torrefied 
biomass is enhanced [ 14] ; and (4) the storage, transport and delivery 
of the torrefied biomass is easier in contrast to its parent biomass [9], 
Besides, the contents of constituents inside various biomasses are 
different each other; torrefaction will lead to more uniform contents 
of the constituents. Because the temperatures of torrefaction are not 
high, it can be carried out through recovering waste heat in indus¬ 
tries rather than providing extra energy for heating. The waste heat 
can be obtained from boilers, reheating furnaces or flue gases. 
Accordingly, torrefaction can also improve the energy efficiency of 
the industrial process. 

Regarding the applications of torrefaction, the study of Phan- 
phanich and Mani [9] has reported that torrefaction could improve 
grinding properties of biomass and make the fuel characteristics, 
such as fixed carbon and heating value, closer to coal. If biomass is 
grinded into powder, it can be blended with coal to serve as 
a pulverized fuel [4], However, the hygroscopic behavior and higher 
volatile matter contained in the biomass powder make the diffi¬ 
culty of blending encountered. In this aspect, torrefied biomass 
with hydrophobic feature has higher porosity and greater reactivity 
during combustion and gasification. Therefore, Deng et al. [15] 
addressed that the torrefaction process was a promising pretreat¬ 
ment method for agricultural residues to combine with coal for co¬ 
gasification. In the analysis of Uslu et al. [19], they pointed out that 
torrefaction in combination with a pelletization process was more 
advantageous than the pelletization process alone. 

In reviewing recent research of torrefaction, it can be found that 
most of the studies are focused on the weight loss, elemental 
analysis, grindability and heating value of biomass from torre¬ 
faction [3,11,20], the effect of torrefaction conditions on the physical 
and chemical properties of biomass [13,21] and the economic 
evaluation of biomass torrefaction [19], Meanwhile, the study of 
torrefaction kinetics has been carried out by Prins et al. [11], 
Rousset et al. [22], Turner et al. [23] and Repellin et al. [24] to aid in 
predicting the weight loss process of biomass. Instead of the study 
of kinetics of specified biomass, the present study is intended to 
analyze the thermal decompositions of main constituents of 
biomass, namely, hemicellulose, cellulose and lignin, in a torre¬ 
faction environment using a thermogravimetry (TG). It is known 
that xylan is a reactive constituent contained in hemicellulose and 
hemicellulose plays a vital role in the thermal degradation of 
biomass in a torrefaction environment [11], Therefore, the 
isothermal kinetics describing the thermal degradations of the four 
basic constituents is developed in this study. Moreover, co- 
torrefaction behavior predicted based on the conducted kinetics 
will also be compared to the experimental measurements. 


2. Torrefaction ldnetics 


Basically, torrefaction is an isothermal pretreatment process so 
that the torrefaction kinetics can be established based on 
isothermal degradation of biomass. Typically, the rate of reaction of 
a sample is given by the following equation [25,26]: 

M = k(i-xy (i) 

where X is the conversion of the sample and it is defined by 


(2) 


In the foregoing equation, W is the weight of the sample at time 
t, Wi the initial weight of the sample and Wf the final weight of the 
sample. At present, to provide a standard of analysis, the initial and 
final weights are identified at 105 and 800 °C, respectively. If the 
order of reaction is unity (i.e. n = 1), the integration of Eq. (1) in the 
course of torrefaction gives 


ln (t=x) = k ^ ~ to ^ for n = 1 


( 3 ) 



faction temperatures. 
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Xo is the conversion of the sample at the beginning of torre- 
faction where t— to. Eq. (3) implies that the plotofln(l-x) -1 versus 
torrefaction time t-to gives a straight line with the slope equal to 
the rate constant k. Therefore, for a given material at various tor- 
refaction temperatures, a set of data of rate constant can be ob¬ 
tained. On the other hand, if the order of reaction is not unity, the 
integration of Eq. (1) becomes 

(1 -X) 1_n -(1 -X Q ) 1 “ n = k(n- l)(t — t 0 ) forn*l (4) 

Similarly, the plot of (1 -X) 1_n versus torrefaction time gives 
a straight line with the slope equal to (n— l)k. Accordingly, the rate 
constants of the sample at various torrefaction temperatures are 
obtained. 

Normally, the dependence of rate constant on temperature is 
assumed to obey Arrhenius law, that is 

k = Aexp (5) 

The logarithmic form of Eq. (5) gives 
In (k) = In (A) - Ea/RT (6) 


From the obtained rate constants corresponding to various tor- 
refaction temperatures, if the plot ln(k) versus T 1 is featured by 
a straight line, the slope of the line is equal to -Ea/R and the intercept 
is equal to ln(A). As a consequence, the activation energy and pre¬ 
exponential factor in the kinetics of torrefaction are obtained. 


3. Experimental 

In this study, four basic constituents in biomass, including 
hemicellulose, cellulose, lignin, and xylan, are chosen as the tested 
materials to be torrefied. Hemicellulose and xylan came from 
SIGMA with the product numbers of H2125-150KU and X-4252, 
respectively. Cellulose was purchased from Alfa Aesar with the 
product number of A17730. Lignin was obtained from Tokyo 
Chemical Industrial Co. and its product number was L0045. Ther- 
mogravimetric analysis (TGA, PerkinElmer Diamond TG/DTA) was 
selected to perform the torrefaction processes of the four materials. 
In each test when a material was measured, around 5 mg of sample 
was loaded in a crucible and it was mounted in the heating 
chamber of the thermogravimetry (TG). N2 was used as a carrier gas 
and transported into the TG so that the material was torrefied in an 
inert environment without oxidant. The flow rate of the carrier gas 



Temperature (°C) 


Temperature (°C) 


cellulose at five different torrefaction Fig. 3. Distributions of (a) TGA and (b) DTG of lignin at five different torrefaction 
temperatures. 


Fig. 2. Distributions of (a) TGA and (b) DTG of i 
temperatures. 
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was fixed at 200 cc min -1 (at 25 °C and 1 atm). When the torre- 
faction process of a sample was executed, the entire experimental 
process was divided into three dynamic and two isothermal heat¬ 
ing periods. Specifically, the sample was heated to 105 °C from 
room temperature with the heating rate of 20 °C min” 1 , followed by 
maintaining the sample at 105 °C for 10 min to ensure completely 
removing the moisture of the sample. Afterward, the sample was 
heated to the specified torrefaction temperature with the heating 
rate of 20 °C min” 1 again. Once the torrefaction temperature was 
reached, the material was torrefied for 1 h. Then, it was pyrolyzed 
with the heating rate of20 °C min” 1 until the temperature of800 °C 
was attained. Co-torrefactions of hemicellulose, cellulose and lignin 
(weight ratio 1:1:1) at various torrefaction temperatures for 1 h 
were also carried out. In the course of experiment, the instanta¬ 
neous weight of the sample was measured and recorded at 
a frequency of 2 Hz. To ensure the measured quality of the study, 
the TG was periodically calibrated and the details of calibration can 
be found elsewhere [3], 


different torrefaction temperatures of 200, 225, 250, 275 and 
300 °C are taken into account and the torrefaction duration is fixed 
at 1 h. 

4.1. Torrefaction behavior 

The distributions of TGA and derivative thermogravimetric 
(DTG) analysis of hemicellulose, cellulose, lignin and xylan are 
displayed in Figs. 1—4, respectively. Considering the reaction of 
hemicellulose, Fig. la clearly indicates that the torrefaction 
temperatures of 200 and 225 °C almost play no part in thermal 
degradation of hemicellulose in that the weight decrements of the 
sample in the course of torrefactions are 0.8 and 2.3 wt%, respec¬ 
tively. With the temperature of 250 °C, the weight loss from the 
torrefaction is 19.5 wt%, revealing that the influence of the 
pretreatment becomes important. In fact, the impact of the torre¬ 
faction can also be identified from the distribution of DTG (Fig. lb) 
where the peak at 250 °C is much larger than those at 200 and 


4. Results and discussion 


As mentioned earlier, torrefaction is a thermal pretreatment 
process for the temperature range of 200—300 °C. Therefore, five 



Temperature (°C) 


Fig. 4. Distributions of (a) TGA and (b) DTG of xylan at five different torrefaction 
temperatures. 




250 °C as well as (b) 275 and 300 °C during the torrefaction period. 
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225 °C. For the torrefaction temperature of 275 °C, 52.6 wt% of 
hemicellulose is lost. When the temperature is lifted to 300 °C, only 
16.8 wt% of hemicellulose is consumed from the torrefaction, 
arising from the fact that a large portion of hemicellulose has been 
depleted before 300 °C. For this reason, the DTG curve at 300 °C is 
not as high as that at 275 °C. Behind the torrefaction peaks, 
pyrolysis peaks occur at around 320—325 °C. The torrefaction peaks 
of hemicellulose are exothermic in nature, whereas the pyrolysis 
peaks are endothermic [11], 

When attention is paid to cellulose, Fig. 2a depicts that the 
thermal degradation of cellulose is slight if the torrefaction 
temperature is less than or equal to 250 °C. For instance, corre¬ 
sponding to the torrefaction temperatures of 200, 225 and 250 °C, 
the weight losses of cellulose are 0.5,1.2 and 3.0 wt%, respectively. 



Fig. 7. Distributions of R 2 of regression line versus order of reaction of hemicellulose, 
cellulose, lignin and xylan. 


Table 1 

Summary of activation energies and pre-exponential factor of the hemicelluloses, 
cellulose, xylan and lignin. 


Material 

(°c) P 

(-) 

Ea b 

(kjmor 1 ) 

A c (min -1 ) 

Reference 

Hemicellulose 

200—350 d 


127 

9.5 x 10 10 

[28] 


230—340 d 

1.7 

163 

3.98 x 10 14 

[29] 


340—390 d 

1.8 

175 

3.16 x 10 14 

[29] 


200—300 e 

3 

187.06 

4.13 x 10 16 

study 

Cellulose 

200—270 d 

0.8 

93 

3.16 x 10 8 

[29] 


253—394 d 

1 

278.5 

3.63 xlO 19 

[30] 


230—380 d 

1 

185 

- 

[31] 


300—340 d 

1 

227.02 

3.36 x 10 18 

[32] 


200—300 e 

1 

124.42 

2.86 x 10 9 

study 

Lignin 

226—435 d 

0.5 

39.4 

- 

[33] 


220—380 d 

1 

7.8 

2.96 x 10“ 3 

[32] 


283-441 d 

1 

30.7 

8 x ter* 

[30] 


320—390 d 

1.4 

105 

1.58 x 10 s 

[30] 


200—300 e 

1 

37.58 

6.625 

study 

Xylan 

182—315 d 


137.9 

2.28 x 10 7 

[30] 


200—400 d 


193 

6 x 10 ,s 

[34] 


220-300“ 

1 

69 

1.25 x 10 5 

[32] 


200—300 e 

9 

252.28 

7.28 x 10 25 

Present 


a Order of reaction. 
b Activation energy. 
c Pre-exponential factor. 
d Non-isothermal kinetics. 
e Isothermal kinetics. 


Behind the torrefactions the pyrolysis peaks are exhibited at around 
355-360 °C which are intrinsically endothermic [11,27], When 
cellulose is torrefied at 275 °C, it is noted that the decrement in 
sample weight is linearly proportional to the torrefaction duration. 
This reflects that the torrefaction period plays an important role in 
thermal decomposition of cellulose at 275 °C. In comparison to the 
DTG peaks of 200, 225 and 250 °C, Fig. 2b indicates that the DTG 
peak at 275 °C grows markedly. When cellulose is torrefied at 
300 °C, its weight drops rapidly with time. Meanwhile, a sharp DTG 
distribution during torrefaction is apparently exhibited and the 



beginning of torrefaction at various torrefaction temperatures. 
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pyrolysis peak behind the torrefaction disappears, as shown in the 
embedded small figure. These phenomena reveal that the torre¬ 
faction at 300 °C influences the structure of cellulose profoundly. 

With emphasis shifted to lignin, Fig. 3 suggests that the resis¬ 
tance of lignin against the torrefaction is notable, stemming from 
the relatively low weight loss (Fig. 3a). For instance, even though 
the torrefaction temperature is as high as 300 °C, only 7.4 wt% of 
lignin is pyrolyzed from the torrefaction. In view of the character¬ 
istic stated above, it can be seen that the intensities of DTG peaks 
shown in Fig. 3b are much small compared to those shown in 
Figs, lb and 2b. For the torrefaction temperatures of 250, 275 and 
300 °C, the TGA curves also indicate that the longer the torrefaction 
duration, the more pronounced the weight loss. On the other hand, 
it is noteworthy that the structure of lignin is still affected by the 
torrefactions to a certain extent, as a result of shift rightward of the 
pyrolysis peak with increasing torrefaction temperature. Specifi¬ 
cally, corresponding to the torrefaction temperatures of 200, 225, 
250, 275 and 300 °C, the pyrolysis peak temperatures occur at 355, 
355, 360, 378 and 396 °C, respectively. 

Upon inspection of the thermal decomposition of xylan shown 
in Fig. 4a, it is a reactive constituent so that its weight drops at 



Fig. 9. Three-dimensional profiles of (a) conversion and (b) increment of conversion of 
hemicellulose. 


200 °C is relatively drastic compared with those shown in Figs.l—3. 
Meanwhile, Fig. 4b shows that the torrefaction process at 250 °C 
has a maximum impact on the thermal degradation of xylan since 
the weight loss is 14.6%. In contrast, the weight losses at 275 and 
300 °C are 8.0 and 3.5%, respectively, implying that the torrefaction 
temperature of 250 °C is sufficiently high to decompose xylan. 
Because of this, the peaks of DTG curves at 275 and 300 °C are not 
as high as that at 250 °C. Fig. 4 also suggests that the torrefaction 
processes at 200, 225 and 250 °C are sensitive to torrefaction 
duration, whereas the effect of duration on weight loss at 275 and 
300 °C is relatively slight. As mentioned earlier, xylan is a reactive 
constituent contained in hemicellulose. A comparison between 
Figs, la and 4a indicates that the reactivity of xylan is higher than 
that of hemicellulose in that the TGA curves of the former drop 
faster than those of the latter. In addition, the DTG peak at the 
torrefaction temperature of200 °C can be found in Fig. 4b, whereas 
it can’t be found in Fig. lb. 

In the study of Prins et al. [11], it has been reported that hemi¬ 
cellulose decomposed at temperature in the range of 225-325 °C, 
cellulose at 305—375 °C and lignin gradually over the temperature 



Fig. 10. Three-dimensional profiles of (a) conversion and (b) increment of conversion 
of cellulose. 
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range of 250—500 °C. From the pyrolysis peaks shown in Figs. 1—4, 
they are located within the same temperature ranges. Conse¬ 
quently, the obtained results in the current study are consistent 
with the illustrations of Prins et al. [17], 

4.2. Torrefaction kinetics 

If the order of reaction of a material is unity, the plot of 
ln(l-x) -1 versus torrefaction time will give a straight line with the 
slope equal to the rate constant k, as expressed in Eq. (3). Alter¬ 
natively, if the order of reaction is not unity, Eq. (4) will be invoked 
to get the rate constant by plotting (l-x) 1_n versus torrefaction 
time. Fig. 5 demonstrates the plots of cellulose at the five torre¬ 
faction temperatures with the condition of n = 1. The distributions 
indicate that the values of R 2 of the regression lines are always 
larger than 0.98, reflecting that n = 1 is an appropriate value to 
approach the rate constant of cellulose. Based on these regression 
lines, five rate constants corresponding to the five torrefaction 
temperatures are sketched in Fig. 6. Furthermore, when ln(k) with 
respect to T' is plotted, Fig. 6 depicts that the regression line is also 



Fig. 11. Three-dimensional profiles of (a) conversion and (b) increment of conversion 
of lignin. 


characterized by a strongly linear relationship in that the value of R 2 
is larger than 0.92. As a result, the activation energy of the 
isothermal torrefaction kinetics of cellulose is 124.42 kj mol -1 . 

To obtain the appropriate values of the order of reaction of the 
four basic constituents, the distributions of R 2 at various values of n 
in accordance with the plot of ln(k) with respect to T 1 are profiled 
in Fig. 7. For hemicellulose and xylan, the analyses suggest that the 
linear relationship between the reaction rate constant and torre¬ 
faction temperature is not exhibited if n is less than 3, implying that 
that the activation energy and chemical kinetics are unable to be 
obtained. Hence, only the values for n > 3 are displayed. It can be 
seen that the values of R 2 of hemicellulose, cellulose and xylan are 
sensitive to n; alternatively, it is almost invariant for lignin. 
Accordingly, the recommended values of n for establishing 
isothermal torrefaction kinetics of hemicellulose, cellulose, lignin 
and xylan are 3,1, 1 and 9, respectively. The values of activation 
energy, pre-exponential factor and the order of reaction in the 
chemical kinetics of the four constituents from the present study 
are tabulated in Table 1. It can be found that the activation energies 
of hemicellulose, cellulose, lignin and xylan are 187.06, 124.42, 



Fig. 12. Three-dimensional profiles of (a) conversion and (b) increment of conversion 
of xylan. 
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37.58 and 252.28 kj mol -1 , respectively. The results from other 
studies are listed in the table as well. Overall, the obtained results in 
the present study are in reasonable ranges when compared to other 
studies. However, it should be emphasized the chemical kinetics in 
other studies was developed based on non-isothermal thermal 
degradation, whereas the currently obtained results pertain to 
isothermal kinetics. 

4.3. Prediction of torrefaction process 

Once the reaction rate constant is obtained, the conversion of 
a material at a certain instant can be evaluated from Eq. (3) or (4). 
For cellulose and lignin with n = 1, their conversion can be obtained 
from Eq. (3) and expressed as 

X = 1-(1-X 0 )exp[ -k(t- t 0 )] 

fe 1 - (1 - X 0 )exp [ - A(t - t 0 )exp (—Ea/RT)] (7) 

Alternatively, for hemicellulose and xylan, seeing that their 
values of n are not equal to unity, Eq. (4) is thus employed and their 
conversion is written as 


a Hemicellulose 




X = 1 - [ k(t - t 0 )(n - 1) + (1 - X 0 ) 1-n ] 

1- [Aexp^)(f-t 0 )(n-l) + (l-Xo) 1 - n ] 1 " (8) 

Xo shown in Eqs. (7) and (8) stands for the conversion of the 
tested sample at the beginning of torrefaction. The profiles of Xq of 
the four constituents are sketched in Fig. 8. 

Based on the obtained n, A, Ea and X 0 , the predicted profiles of 
conversion and increment of conversion of the four constituents in 
the course of torrefaction are presented in Figs. 9-12. As far as 
hemicellulose is concerned, increasing torrefaction temperature 
leads to a substantial growth in Xo; it is especially pronounced as 
the torrefaction temperature increases from 250 to 300 °C (Fig. 9a). 
As a consequence, Fig. 9b suggests that the most violent increment 
in conversion is exhibited at the torrefaction temperature of 275 °C 
and the maximum increment is 53.1%. In regard to cellulose, its 
thermal degradation is apparently different from hemicellulose, 
that is, the higher the torrefaction temperature, the more drastic 
the impact of the torrefaction duration on conversion (Fig. 10). This 


C Lignin 




Fig. 13. Comparisons of conversion between predictions and experiments of (a) hemicellulose, (b) cellulose, (c) lignin and (d) xylan. 
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is the reason that the maximum increment of conversion is 49.4% 
which develops at 300 °C and 1 h. Considering lignin, unlike 
hemicellulose and cellulose, its increment in conversion is rela¬ 
tively slight, as a result of the maximum increment being 10.4% 
(Fig. lib). In examining xylan, an obvious increment occurs at 225 
and 250 °C (Fig. 12b) where the maximum increment is 23.0% at 
225 °C and 1 h. This is attributed to the reactive nature of xylan. 
Before the TGA curve reaches the higher torrefaction temperatures 
such as 275 and 300 °C, a large portion of xylan has been depleted 
(Fig. 12a), thereby resulting in the relatively small increment of 


4.4. 


prediction and measurement 


To evaluate the reliability of the torrefaction kinetics, compari¬ 
sons between the predictions and experimental data are displayed 
in Fig. 13. When one is concerned with hemicellulose, it can be seen 
that the predictions are in good agreement with the experiments, 
except for 275 °C where the conversion is underestimated (Fig. 13a) 
and the maximum relative error between the prediction and the 
experiment is 34%. This is attributed to the intensified reaction of 
hemicellulose at the aforementioned temperature. In contrast, the 
model underestimates the conversion of cellulose at 300 °C where 
the reaction of cellulose is the most violent (Fig. 13b) and the 
maximum relative error is 37%. Apart from the prediction at 300 °C, 
the thermal degradation of cellulose can be evaluated well by the 
model. When lignin is examined, the relative errors between the 
predictions and the measurements are always less than 14% 
(Fig. 13c), stemming from the relatively inactive of lignin in a tor- 
refaction environment. The established kinetics is also able to 
provide a good prediction on the torrefaction of xylan where the 
maximum relative error is around 13% (Fig. 13d). 

In a previous study [11 ], it has been outlined that no synergistic 
effect is exhibited when hemicellulose, cellulose and lignin are co¬ 
torrefied. This reflects that the linear superposition of conversion of 
the three constituents is available when they are torrefied together. 
In the study of Rousset et al. [22], they have assumed that wood 
thermal decomposition was a superposition of the thermal degra¬ 
dation of hemicellulose, cellulose and lignin in proportion to their 



lignin = 1:1:1). 


content in wood. Consequently, the co-torrefaction kinetics of the 
three constituents with equivalent amount (viz. hemicellulose: 
cellulose: lignin = 1:1:1) is examined in Fig. 14 where the kinetics 
is defined as 

X = ^hemicellulose + ^cellulose + ^lignin (9) 

As a whole, the behavior of co-torrefaction can be predicted 
accurately, except for at 300 °C. Though the difference between the 
prediction and the experiment is somewhat pronounced at 300 °C, 
the trend of conversion is still reasonable. Besides, such a high- 
temperature is usually not recommended for torrefaction [11], 
Consequently, the above observations have clearly pointed out that 
the developed isothermal kinetics is a feasible tool to account for 
the torrefaction behavior of biomass once the contents of hemi¬ 
cellulose, cellulose and lignin are known. 

5. Conclusions 

Thermal decompositions and kinetics of four basic constituents, 
including hemicellulose, cellulose, lignin and xylan, at five different 
temperatures (i.e. 200, 225, 250, 275 and 300 °C) with lh torre¬ 
faction have been investigated in the present study. From the 
distributions of TGA and DTG, it is found that xylan is always 
sensitive to torrefaction for the temperature range of 200-300 °C. 
When the torrefaction temperature is not higher than 225 °C, it 
almost has no influence on hemicellulose, whereas cellulose will be 
affected if the temperature is as high as 275 °C. In regard to lignin, 
its thermal degradation is relatively insensitive to torrefaction, 
regardless of what the temperature is. According to the analyses, it 
is concluded that biomass with the torrefaction temperatures of 
200 and 225 °C pertain to light torrefaction; 250 °C is mild torre¬ 
faction, and 275 and 300 °C belong to severe torrefaction. From the 
conducted kinetics, the appropriate values of order of reaction of 
hemicellulose, cellulose, lignin and xylan are 3,1,1 and 9, respec¬ 
tively, whereas their activation energies are 187.06,124.42, 37.58 
and 67.83 kj mol -1 , respectively. The developed model can predict 
the thermal decompositions of the materials well, expect for 
cellulose at 300 °C and hemicellulose at 275 °C. With the 
assumption of no interaction (synergistic effect) among the torre- 
factions of hemicellulose, cellulose and lignin, the co-torrefaction of 
the three materials can also be described well by the kinetics. From 
the application point of view, once the contents of hemicellulose, 
cellulose and lignin in biomass are identified, the torrefaction 
process of the biomass can be predicted from the developed model. 
Therefore, the established kinetics can be employed as a useful tool 
for designing torrefaction processes in industry. 
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